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Summary 
In standard protocols, the frequency of synaptic stimu- 
lation determines whether CA1 hippocampal synapses 
undergo long-term potentiation or depression. Here 
we show that during cholinergically induced theta os- 
cillation (e) synaptic plasticity is greatly sensitized and 
can be induced by a single burst (4 pulses, 100 Hz). 
A burst given at the peak of e induces homosynaptic 
LTP; the same burst at a trough induces homosynaptic 
LTD of previously potentiated synapses. Heterosynap- 
tic LTD is produced at inactive synapses when others 
undergo LTP. The synaptic modifications during e re° 
quire NMDA receptors and muscarinic receptors. The 
enhancement is cooperative and occludes with stan- 
dard LTP. These results suggest that the similar bursts 
observed during 0 rhythm in vivo may be a natural 
stimulus for inducing LTP/LTD. 
Introduction 
Long-term potentiation (LTP) and long-term depression 
(LTD) are activity-dependent forms of synaptic plasticity 
thought to underlie memory formation in brain regions 
such as the hippocampus and the neocortex. The prevail- 
ing view is that these processes are triggered by stimula- 
tion patterns of markedly different frequencies (Artola and 
Singer, 1993; Linden, 1994; Teyler et al., 1994). Typically, 
LTP is induced by 1 s of high frequency (100 Hz) stimula- 
tion (Bliss and Lemo, 1973; Bliss and Collingridge, 1993), 
whereas LTD is produced by 7-15 min of low frequency 
(1-3 Hz) stimulation (Dudek and Bear, 1992; Mulkey and 
Malenka, 1992). 
It is unclear whether spike trains similar to the patterns 
used for LTP and LTD induction occur during brain func- 
tion and, consequently, whether they represent he natural 
trigger for synaptic plasticity. Regarding LTP induction, 
high frequency spiking does occur in the hippocampus 
(Buzsaki, 1986; Ylinen et al., 1995a), but it is unlikely that 
a given pyramidal neuron fires for a full second because 
of spike frequency adaptation. A common pattern of hippo- 
campal activity is repetitive, brief bursts (i.e., 2-7 spikes 
at 100-200 Hz) at theta-frequency (5-12 Hz; e.g., Otto et 
al., 1991). It has been shown that 10 such bursts delivered 
every 200 ms seem particularly suited for inducing LTP, 
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both in vitro (Larson et al., 1986) and in vivo (St&ubli and 
Lynch, 1987). However, it remains unclear whether such 
a repetitive bursting occurs naturally for a sufficient ime 
(O'Keefe and Recce, 1993). Some in vitro work has shown 
that a few bursts are able to produce synaptic potentiation, 
but the potentiation is small (Rose and Dunwiddie, 1986; 
Diamond et al., 1988), is short-lasting, and requires re- 
moval of GABA-mediated inhibition to be obtained (Wigs- 
trSm and Gustafsson, 1985; Gustafsson et al., 1987; 
Hanse and Gustafsson, 1992). There is thus no clear indi- 
cation that a pattern of activity capable of producing robust 
LTP in vitro actually occurs in the brain. 
The type of stimulation required for LTD induction is 
even more problematical. Theoretical work in neural net- 
works has shown that simple rules for synaptic plasticity 
can lead to the storage of multiple memories in the same 
network, provided that the modifications are bidirectional 
(Willshaw and Dayan, 1990; Hertz et al., 1991). This pre- 
vents synapses from becoming saturated, and it is vital 
for proper network function. In these models, activity- 
dependent weakening occurs whenever presynaptic and 
postsynaptic spikes are not correlated. Generally, it has 
been assumed that similar weakening exists at brain syn- 
apses and that LTD is a prototype. However, the synaptic 
weakening incorporated into nerve net models occurs with 
each noncorrelated spike at a time scale of milliseconds, 
whereas LTD is induced experimentally by a stimulation 
protocol lasting many minutes. Furthermore, synapse- 
specific LTD requires that specific spatial patterns of low 
frequency activity are maintained for minutes, but there 
is no evidence for such prolonged persistence in vivo. In 
fact, it is thought that low frequency firing in the brain is 
primarily noise. 
The induction patterns for LTP and LTD described 
above may only be necessary in vitro because of the loss 
of ascending modulatory inputs to the hippocampus. It 
is well established that hippocampal function is strongly 
influenced by modulators arising from subcortical struc- 
tures. In particular, the cholinergic system that originates 
in the medial septum and diagonal band of Broca, and 
innervates the whole hippocampal formation, is known to 
enhance synaptic plasticity (Ito et al., 1988; Hasselmo and 
Bower, 1993; Huerta and Lisman, 1993; Auerbach and 
Segal, 1994). A low dose of cholinergic agonist produces 
a modest enhancement of the magnitude of LTP (Burgard 
and Sarvey, 1990; Maeda et al., 1993). Higher dose of 
cholinergic agonist induces a network oscillation in the 
theta-frequency range (henceforth termed e; Konopacki 
et al., 1987; Bland and Colom, 1993), and under these 
conditions synaptic plasticity is dramatically sensitized 
(Huerta and Lisman, 1993). Specifically, 40 single shocks 
at 0.1 Hz, which would ordinarily produce no potentiation, 
elicit synapse-specific LTP if each shock is delivered at 
the peak of a e wave. The ease of producing synaptic 
modification during 8 led us to ask whether LTP and LTD 
could be triggered in vitro by a very brief burst (4 shocks 
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Figure 1. A Single Burst (4 Shocks at 100 Hz) 
Given at the Positive Peak of 0 Induces 0 LTP 
(A) Upper panel shows a burst of synaptic stim- 
ulation at a peak of 0 oscillation of the local 
field potential (lower panel). Asterisks mark the 
stimulation artifacts• 
(B) Representative experiment showing the 
slope of field EPSP against time. Gray bar indi- 
cates period of CCh (50 uM) application• CCh 
reduced the EPSPs, via presynaptic inhibition, 
and this accounts for the slow recovery after 
its removal• The burst stimulation at Pk (Pk), 
shown in (A), produced e LTP in the test path- 
way but not in the unstimulated control path- 
way. Inset (above), field EPSPs (average of 6 
traces) recorded at times indicated by letters 
(a-d); scale is 1 mV, 5 ms. 
(C) Summary graph (n = 10) of the average 
percentage change of the field EPSP slope in 
the test (closed circles) and control (open cir- 
cles) pathways. Symbols represent mean 
change _+_ SEM, plotted at 1 min intervals (in- 
tervening data has been omitted for clarity)• 
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at 100 Hz), resembling the bursts that occur naturally in 
the hippocampus. 
Results 
Induction of Synaptic Potentiation by a Single Burst 
at the Peak of 0 
Extracellular postsynaptic potentials (EPSPs) were re- 
corded in CA1 by stimulating Schaffer collateral inputs 
from CA3. Bath application of carbachol (CCh; 50 I~M) 
triggered a 0 oscillation of the local field potential (Figure 
1A) (Konopacki et al., 1987). It also caused a decrease in 
the size of the EPSPs, owing to the inhibition of transmitter 
release at the presynaptic terminals (Hounsgaard, 1978; 
Valentine and Dingledine, 1981; Segal, 1989; Hasselmo 
and Schnell, 1994). Previous work showed that LTP could 
be induced by many single stimuli given at positive peaks 
of 0 (Huerta and Lisman, 1993)• To explore the minimal 
requirement for LTP induction, we gave a single burst (4 
shocks at 100 Hz) at a 0 peak (Figure 1A). After removal 
of CCh, the synaptic responses gradually increased to 
reach a level that was greater than before CCh (Figure 
1B). The average increase was 79% ± 12o  60 min after 
CCh (n = 10, P < .01 ; Figure 1C, test). This enhancement, 
henceforth termed 0 LTP, persisted for as long as we mea- 
sured it ( -3  hr) and was synapse specific, since it did not 
occur in an unstimulated pathway (n -- 10; Figure 1C, 
control). A burst delivered in the absence of CCh produced 
no modification (n = 8; data not shown). Addition of the 
muscarinic antagonist, scopolamine (1-5 ~M), blocked 
both 0 and 0 LTP (n = 6; data not shown). Furthermore, 
the 0 LTP obtained after a single burst was substantial, 
but not maximal. Figure 2A shows that a single burst in- 
duced 65% of the maximal increase obtained by multiple 
burst episodes. The average partial increase was 82% _ 
2O/o after a single burst (n = 5, P < .01 ; data not shown)• 
We conclude that the 0 oscillation specifically sensitizes 
plasticity and makes it possible for a single, properly-timed 
burst to induce synaptic enhancement• 
Relationship of Standard LTP to 0 LTP 
To test whether 0 LTP shares common synaptic mecha- 
nisms with standard N-methyl--aspartic acid (NMDA) re- 
ceptor-dependent LTP, we performed occlusion tests• 
When synapses were initially potentiated to saturation by 
bursts at a 0 peak, the synapses could not subsequently 
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Figure 2. Relationship of 0 LTP to Standard LTP 
(A) Single bursts at a 0 peak (Pk) were given to the test pathway during sequential episodes of 0 (gray bars). Synapses became saturated after 
the second episode. Subsequently, standard LTP could not be induced in the test pathway (up arrows, tetanus was given at 50% maximal strength), 
indicating occlusion. Stimulus intensity was lowered at asterisk. The control pathway remained unchanged after CCh but later underwent standard 
LTP (up arrow at 210 min), showing that it was modifiable. 
(B) After synapses were saturated by standard LTP (up arrows), further potentiation could not be induced by a burst at a 0 peak (given at 60% 
maximal strength), indicating occlusion. Stimulus intensity was lowered at asterisk. 
(C) AP5 (50 !~M) coapplied with CCh (bar at left) blocked 0 LTP. A second application of CCh alone (bar at right) produced robust 0 LTP. Inset 
(above) shows that 0 oscillation is smaller in AP5 (left) than without it (right); scale is 100 I~V, 1 s. 
undergo standard LTP (Figure 2A, right, test pathway). 
The average change was 1.3% - 0.4% , 30 min after 
tetanic stimulation (n = 5; data not shown). Similar occlu- 
sion occurred with the reverse sequence, first saturating 
LTP with successive tetanic stimulation and then giving 
a burst at a 0 peak (Figure 2B). The average change was 
-0 .7% _+ 0.5%, 60 min after CCh (n = 5; data not shown). 
Since standard LTP induction is completely blocked by 
the NMDA receptor antagonist, AP5 (Collingridge et al., 
1983), we examined whether 0 LTP was also blocked by 
AP5 (50 gM). When CCh and AP5 were coapplied, a burst 
at a 0 peak failed to induce 0 LTP (Figure 2C). The average 
change was 2.1% - 1.3% , 45 min after coapplication 
(n = 5; data not shown). An important additional effect of 
AP5 was to reduce greatly the amplitude of the 0 waves 
without substantially affecting their frequency (Figure 2C, 
inset). During AP5, the amplitude was 32.3 - 11.5 I~V, 
and the frequency was 7.5 - 2.5 Hz, compared with an 
amplitude of 85.6 - 24.7 I~V and a frequency of 9.2 ___ 
2.1 Hz on a subsequent CCh application (n = 5). 
Finally, we examined whether 0 LTP displayed the coop- 
erativity requirement that exists for standard LTP (Mc- 
Naughton et al., 1978; Lee, 1983). Cooperativity is inferred 
from the existence of a threshold for the induction of poten- 
tiation. Experiments were performed by setting the stimu- 
lation strength, for the entire trial, at a given fraction of 
the maximal intensity (see Experimental Procedures). Fig- 
ure 3 shows that only the experiments in which the stimula- 
tion current was above 30% of maximal strength produced 
reliable 0 LTP. This indicates that an induction threshold 
exists and, thus, that this form of LTP shows cooperativity. 
Induction of Synaptic Weakening by a Single Burst 
at the Trough of 0 
We next examined whether a single burst could produce 
LTD. We found that a burst could weaken synaptic efficacy 
provided that the pathway had been initially potentiated, 
a type of LTD usually termed "depotentiation" (Barrio- 
nuevo et al., 1980; St&ubli and Lynch, 1990; Fujii et al., 
1991; Bashir and Collingridge, 1994; O'Dell and Kandel, 
1994). A single burst (4 shocks at 100 Hz) given at a nega- 
tive trough of 0 (Figure 4A) induced homosynaptic LTD 
(henceforth termed 0 LTD) 70 min after synaptic enhance- 
ment (Figure 4B, test). The average decrease was 32% _+ 
5% (n = 8, P < .01; Figure 4C, test). The burst at the 
trough completely reversed previous LTP (reversal was 
101% _ 6%, n = 8), without affecting a second unstimu- 
lated pathway (n = 8; Figure 4C, control). Furthermore, 
synapse-specific 0 LTD of the test pathway occurred even 
when the unstimulated control pathway had also been pre- 
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Figure 3. Cooperativity of 0 LTP 
(A) Cooperativity was demonstrated by first 
showing that a single burst of weak stimulation 
(adjusted to give 27% of maximal strength) pro- 
duced no e LTP. The stimulation current was 
then raised to give 41% of maximal strength. 
Under these conditions, a burst at a peak of 
0 induced 0 LTP. Inset (above), field EPSPs 
(average of 6 traces) recorded at times indi- 
cated by letters (a-d); scale is 0.5 mV, 5 ms; 
asterisks mark stimulation artifacts. 
(B) Summary of effect of stimulus strength on 
magnitude of potentiation. Experiments were 
grouped according to strength (at 5% inter- 
vals). Values are mean _+ SEM (n = 10 for 
50% strength; n = 3-5 for other strengths). 
viously potentiated (Figure 5A). Synapses could undergo 0 
LTD even 2 h r after LTP (Figure 5A). By contrast, synapses 
that had not been initially potentiated remained un- 
changed after the trough stimulation ( -6% _ 2%, n = 
6; data not shown). Moreover, homosynaptic 0 LTD could 
be reversed by tetanic stimulation (Figure 5B) in a reliable 
manner (n = 6; data not shown). 
The homosynaptic LTD induced with 1 Hz stimulation 
(henceforth termed 1 Hz LTD) is blocked by AP5 (Dudek 
and Bear, 1992). We thus examined the effect of AP5 (50 
I~M) on 0 LTD and found that a burst at a 0 trough failed 
to depress potentiated synapses when CCh and AP5 were 
coapplied (Figure 5C). The average change was -4% -*- 
5%, 60 min after coapplication (n = 5; data not shown). We 
also found that addition of scopolamine (5 I~M) completely 
blocked this form of LTD (n = 3; data not shown). Thus, 
homosynaptic 0 LTD depends on NMDA receptors and 
muscarinic receptors for its induction. 
The 0 LTD produced by a burst at a 0 trough was homo- 
synaptic, since it occurred only in stimulated synapses, but 
LTD could also be induced by a heterosynaptic process 
(Figure 6). We found that a single burst given at the peak 
of 0 elicited a depression of inactive synapses that had 
been previously potentiated (Figure 6A). The average de- 
crease was 19% _+ 5% (n = 10, P<.05;F igure6B) . In  
this heterosynaptic process, a single burst induced only 
a partial reversal of LTP of inactive synapses (reversal 
was 34% _+ 7%, n = 10), in contrast to the complete 
effect produced homosynaptical ly by a burst at a 0 trough 
(Figure 4B). 
Synaptic Modifications by Varying the Number of 
Shocks in the Burst 
To determine the properties of the burst required for syn- 
aptic modifications, we varied the number of shocks in a 
burst. When a single shock was given either at the peak 
or the trough, no significant synaptic change occurred. 
When a burst of 2 shocks (100 Hz) was given, stimulating 
at the trough did not produce 0 LTD, but a small 0 LTP 
was sometimes observed after stimulating at the peak. A 
burst of 3 shocks (100 Hz) produced significant 0 LTP and 
0 LTD, though somewhat less than 4 shocks. Figure 7A 
presents a summary of these experiments. 
Discussion 
Bidirectional Synaptic Plasticity during 0 
Previous work has suggested that the frequency of synap- 
tic stimulation determines whether LTP or LTD is obtained 
(Artola and Singer, 1993; Bliss and Collingridge, 1993; 
Linden, 1994; Teyler et al., 1994). Our results show that 
during 0 oscillation the timing, rather than the frequency, 
determines the sign of synaptic modification (Figure 7B). 
More specifically, what appears to be important is the tim- 
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Figure 4. A Single Burst (4 Shocks at 100 Hz) 
Given at the Negative Trough of 0 Induces 0 
LTD 
(A) Upper panel shows a burst at a trough of 
0 oscillation of the local field potential (lower 
panel). 
(B) Representative experiment showing the 
slope of field EPSP against time. The test path- 
way was first potentiated (up arrow). CCh was 
applied 70 min later (gray bar) and a single 
burst was given to the test pathway at the 
trough (Tr, seen in A, upper). LTD (depotentia- 
tion) occurred in the test pathway, while the 
unstimulated control pathway was unchanged. 
Insets (at right), field EPSPs (average of 6 
traces) recorded at times indicated by letters 
(a-d); scale is 1 mV, 5 ms. 
(C) Summary graph (n = 8) of the average per- 
centage change of the field EPSP slope in the 
test (closed circles) and control (open circles) 
pathways. 
ing of stimulation relative to the phase of 0. This work 
extends the previous observation that LTP of dentate syn- 
apses could be elicited, during 0 rhythm in vivo, by 10 high 
frequency bursts given at the peak of subsequent 0 waves 
(Pavlides et al., 1988). We find that, during 0 in vitro, a 
single burst at the peak is sufficient for induction. 
The 0 LTP has common characteristics with standard 
NMDA receptor-dependent LTP. First, the fact that the 
two processes occlude (i.e., when one has been driven 
to saturation, the other cannot be obtained) indicates that 
they share a common molecular pathway. Second, the 
cooperative nature of 0 LTP suggests that it is a Hebbian 
process, as in the case of standard LTP. As originally pro- 
posed by Hebb (1949), it is the conjunction of presynaptic 
and postsynaptic activity that triggers synaptic change. 
This cooperativity property suggests that synaptically in- 
duced postsynaptic depolarization is required for 0 LTP 
induction; apparently, the depolarization produced by the 
oscillation itself (Leung and Yim, 1988; MacVicar and Tse, 
1989; Traub et al., 1992) is not sufficient. Finally, the fact 
that AP5 blocks 0 LTP means that NMDA channels are 
involved in its induction, as they are in standard LTP. One 
complication is that the 0 oscillation is reduced in the pres- 
ence of AP5, suggesting that 0 in vitro requires NMDA 
channel activation. This is consistent with previous work 
that showed 0 rhythm is reduced by AP5 (Horvath et al., 
1988), pointing to a common feature between 0 in vitro 
and the natural 0 rhythm. Since we have previously re- 
ported that synaptic enhancement did not occur unless 0 
was strong (Huerta and Lisman, 1993), the possibility that 
the lack of 0 LTP during AP5 is due to a reduction of the 
oscillation cannot be ruled out. 
Homosynaptic 0 LTD could not be reliably elicited in 
so-called naive pathways, i.e., pathways that had not been 
potentiated by the experimenter. However, synaptic weak- 
ening was consistently induced in pathways that had un- 
dergone LTP. This 0 LTD was stable and could be reversed 
by LTP. Interestingly, the induction of 1 Hz LTD of naive 
synapses is also very difficult in older animals; naive path- 
ways from rats - 30 days old (the age used in this study) 
undergo very modest if any 1 Hz LTD (Dudek and Bear, 
1992). Conversely, in mature animals, previously potenti- 
ated synapses are reliably depressed by low frequency 
stimulation (Barrionuevo et al., 1980; St&ubli and Lynch, 
1990; Fujii et al., 1991; Bashir and Collingridge, 1994; 
O'Dell and Kandel, 1994). We have not been able to study 
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Figure 5. Synapse-Specific 0 LTD Is Reversed 
by LTP and Blocked by AP5 
(A) 0 LTD could be induced by a single burst 
at a 0 trough (Tr, right bar) even 130 min after 
0 LTP induction (left bar). The control pathway, 
which had also been potentiated (stimulation 
at a 0 peak, left bar), remained unchanged after 
the second CCh application, indicating that 0 
LTD in the test pathway was synapse specific• 
Inset (above), field EPSPs (average of 6 traces) 
recorded at times indicated by letters (a-f); 
scale is 1 mV, 10 ms. 
(B) Reversal of e LTD. Synapses first under- 
went standard LTP (up arrow at left), and then 
0 LTD (bar with trough stimulation). The de- 
pression was reversed by standard LTP (up 
arrow at right)• 
(C) AP5 (50 ~M) coapplied with CCh (bar at left) 
blocked 0 LTD. A second application of CCh 
alone (bar at right) produced 0 LTD. 
the age dependence of 0 LTD, because 0 is not observed 
consistently in rats younger than 3 weeks (unpublished 
observations)• The reason that naive pathways undergo 
LTD in young animals, whereas only potentiated pathways 
experience LTD in adults, remains to be determined (see 
discussion in Bear and Malenka, 1994)• One possibility is 
that some factors essential for LTD induction are readily 
available at early age, but can only be accessible in adult 
synapses after "priming" by a burst of activity, such as 
tetanic stimulation (Wexler and Stanton, 1993; Christie et 
al., 1994). It is unlikely that the LTD of previously potenti- 
ated synapses is simply a disruption of the mechanisms 
of LTP consolidation, because depression can still be pro- 
duced at very long intervals after LTP induction (up to 2 
hr in our study; also see Fujii et al., 1991; Bashir and 
Collingridge, 1994; Barr et al., 1995)• 
Heterosynaptic LTD, the weakening of an inactive path- 
way by induction of LTP at other synapses, has been quite 
difficult to elicit in CA1 in vitro (Christie et al., 1994), even 
though it has been reported in most hippocampal regions 
in vivo (Abraham and Goddard, 1983; Levy and Steward, 
1983; Christie and Abraham, 1992; Christie et al., 1994). 
We find that, in the presence of cholinergic modulator, 
heterosynaptic LTD can be reliably induced in vitro, 
though its magnitude is not as large as homosynaptic LTD. 
This form of LTD could only be induced in previously po- 
tentiated pathways, as with homosynaptic LTD. 
The Relevance of Phase and Timing of Stimulation 
for Plasticity 
Why is the phase so important in determining the sign 
of synaptic modification? During the network 0 oscillation 
CA1 neurons display subthreshold and suprathreshold 
membrane oscillations at 0 frequency, with peak-to-peak 
amplitude of 5 -25 mV (Leung and Yim, 1986; NL~fiez et 
al., 1987; Leung and Yim, 1988; MacVicar and Tse, 1989). 
These postsynaptic voltage fluctuations could have signifi- 
cant effects on plasticity• For instance, the depolarizing 
phase of the oscillation could activate NMDA channels 
or voltage-dependent channels required to open NMDA 
channels. An interesting possibility is that the hyperpolar- 
izing phase is necessary for removing the inactivation of 
T-type Ca 2+ channels (Markram and Sakmann, 1994), 
thereby making possible a larger depolarization during the 
subsequent positive phase. The hyperpolarizing phase 
may be less conducive to spikes• Also, several studies 
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Figure 6. Induction of Heterosynaptic LTD 
(A) Representative experiment showing that, if 
the test pathway was initially potentiated (stim- 
ulation at peak, left bar), a burst at 0 peak (Pk) 
in the control pathway (right bar) produced het- 
erosynaptic LTD of the previously potentiated 
test pathway. Inset (above), field EPSPs (aver- 
age of 6 traces) recorded at times indicated by 
letters (a-d). 
(B) Summary graph (n = 10) of the average 
percentage change of the field EPSP slope in 
the test (closed circles) and control (open cir- 
cles) pathways. 
have shown that LTD induction is favored when synaptic 
activation occurs during injection of hyperpolarizing or low 
level depolarizing current into the postsynaptic neuron 
(Stanton and Sejnowski, 1989; Artola et al., 1990; Lin et al., 
1993; Debanne et al., 1994; Yang et al., 1994). However, 
given the ease of obtaining synaptic change in this study, 
it is very likely that factors other than the postsynaptic 
voltage changes during 0 also play an important role (see 
below for other effects of cholinergic modulation). 
The phase-dependent effects on synaptic plasticity that 
we have found are probably related to previous results 
(done without cholinergic modulation) showing that the 
temporal patterning of synaptic stimulation can affect the 
sign of synaptic modification. For instance, Thiels et al. 
(1994) have shown that a train of paired pulses (25 ms 
apart) at 0.5 Hz produced LTD in vivo. They demonstrated 
that the activation of local GABAergic inhibitory interneur- 
ons, probably of the GABAA type, was neccesary for LTD 
induction. Whether interneurons are involved in 0 LTD re- 
mains to be established. Interestingly, some interneurons 
show increased and rhythmic spiking during 0 (Bland and 
Colom, 1993; Ylinen et al., 1995b), but the strength of 
synaptic inhibition on the pyramidal cells is probably de- 
creased (Pitier and Alger, 1992). Regarding LTP, it has 
been reported that modest LTP can be produced by deliv- 
ering a priming pulse followed, 200 ms later, by a brief 
burst (Rose and Dunwiddie, 1986; Diamond et al., 1988), 
and that LTP is optimally induced by repetitive bursts at 
0 frequency (Larson et al., 1986). It thus seemed that prim- 
ing of burst activity was a critical condition for maximizing 
LTP. One possibility is that priming acts by suppressing 
the GABA-mediated synaptic inhibition, thereby permit- 
ting the subsequent burst to activate NMDA receptors uf- 
ficiently for LTP induction (Davies et al., 1991). The fact 
that cholinergic modulation decreases GABA-mediated in- 
hibition (Krnjevic et al., 1981 ; Pitier and Alger, 1992) would 
help to explain why we obtained plasticity in the absence 
of priming. 
Bursts during Cholinergic 0 
The use of bursts, the cholinergic modulatory events, and 
the 0 oscillation may all be important for maximizing synap- 
tic plasticity. The effectiveness of bursts is explainable in 
terms of recent findings about CA1 synapses. Most CA1 
synapses display a low probability of vesicle release dur- 
ing a single spike (Hessler et al., 1993; Rosenmund et 
al., 1993; Malinow et al., 1994); thus, most synapses are 
inactive even though a presynaptic action potential oc- 
curs. In contrast, most synapses are active during a burst 
because facilitation greatly increases the probability of re- 
lease (Hessler et al., 1993; Malinow et al., 1994). Several 
cholinergic effects (reviewed in Nicoll et al., 1990) may 
also contribute to the heightened plasticity. Specifically, 
cholinergic modulation depolarizes pyramidal neurons by 
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Figure 7. Synoptic Modifications during 0 
(A) Dependence of synoptic modifications on number of shocks in a 
single burst. Average percentage change in the field EPSP slope, 
measured 60 min after the delivery of a single burst given at the peak 
or the trough of e. When no stimulus was given during e ("0 Shocks") 
there was no modification (-1.7o/o -+ 1.3% change, n = 20). The 
values for stimulation at the peak are 1 shock, 3.8% -+ 2.6% change 
(n = 4); 2 shocks, 10.3% _+ 4.2% (n = 5); 3 shocks, 22.3% -+ 8.6% 
(n = 5); 4 shocks, 79.3% -+ 12.4°/0 (n = 10). For stimulation at the 
trough, the values are  1 shock~ -1.0% -+ 0.9% (n = 4); 2 shocks, 
-3.6%--_ 3.1%(n = 3); 3 shocks, -14.4°/o -+ 7.1% (n = 5);4shocks, 
-31.9% -+ 4.6% (n = 8). Most experiments were done in different 
slices. Asterisks indicate statistical significance (*, P < .05; **, P < 
.01; t test). 
(B) Summary of long-term synoptic plasticity during B. Numbers in 
parenthesis are meant o indicate the effect of a single burst compared 
to the entire range of modification. The percentage for LTP is the 
change produced by a single burst compared to that produced by a 
saturating number of bursts (e.g., 100% is the LTP "ceiling"). The 
percentage for LTD is the depression produced by a single burst com- 
pared to the potentiation that preceded it (e.g., 100% is complete 
reversal). Stim., stimulated pathways; No Stim., unstimulated path- 
ways. 
blocking K* channels (Dodd et al., 1981; Segal, 1982; Mad- 
ison etal., 1987; Dutar and N icoll, 1988); reduces inhibition 
(Krnjevic et al., 1981; Pitier and Alger, 1992); upregulates 
NMDA channels (Markram and Segai, 1990); and acti- 
vates the phosphoinositide cascade (Markram and Segal, 
1992). These effects would be expected to raise postsyn- 
aptic Ca 2+ (Muller and Connor, 1991; Muller et al., 1992) 
and thereby promote synapse modification (Lisman, 
1989). However, a critical cholinergic action is the oscilla- 
tion itself since, without this, synaptic plasticity is not 
greatly enhanced (Huerta and Lisman, 1993). Why the 
oscillation is so important and how it determines the sign 
of synaptic modification remain to be determined. 
The type of synaptic stimulation that induces synaptic 
plasticity in behaving animals has not been established 
and may vary for different behavioral states. Buzs~,ki 
(1989) has theorized that the hippocampal sharp waves 
that occur during deep sleep might represent the natural 
equivalent to tetanic stimulation. Our finding that single 
bursts can induce plasticity carries special significance 
because similar bursts are observed in vivo (Ranck, 1973; 
Fox and Ranck, 1981; Steward et al., 1992). Specifically, 
as a rat explores its environment, cholinergic mechanisms 
activate B rhythm (Vanderwolf, 1969; Buzsaki et al., 1983; 
Bland, 1986; Bland and Colom, 1993; Lee et al., 1994; 
Ylinen et al., 1995b), and pyramidal cells with appropriate 
place fields fire "complex-spikes" bursts, i.e., 2 -7  spikes 
lasting for 10-30 ms (Ranck, 1973; O'Keefe and Nadel, 
1978; Muller et al., 1987; Thompson and Best, 1989; Stew- 
ard et al., 1992). Since such bursts can occur at the peak 
or trough of the O cycle (O'Keefe and Recce, 1993), they 
may be a natural spiking pattern for inducing both LTP 
and LTD. 
Our study adds to the growing evidence of the impor- 
tance of brief bursts (Agmon an d Connors, 1992). Previous 
work has shown that place fields of hippocampal neurons 
are more precisely localized in space if only bursts are 
considered than if single spikes are also taken into account 
(Otto et al., 1991). Furthermore, hippocampal synapses 
can transmit bursts reliably, but they transmit single spikes 
poorly (Hessler et al., 1993). We have shown here that 
bursts, but not single spikes, can induce synapse modifi- 
cation. Together, these results suggest that bursts may 
carry special significance for both computation and plas- 
ticity. 
Relevance for Alzheimer's Disease 
In Alzheimer's disease, there is a loss of cholinergic in- 
nervation of the hippocampus and neocortex (Bartus et 
al., 1982; Coyle et al., 1983; Bigl et al., 1990), as well as 
loss of other neurotransmitter systems. Even though there 
have been previous results suggesting that cholinergic 
function is important for the types of synaptic plasticity 
that underlie learning (Singer, 1990; Hasselmo and Bower, 
1993), our results make a stronger case. For a natural 
stimulus, such as burst, synaptic modification only occurs 
if cholinergic modulation is present. This sensitivity may 
help to explain why memory processes are so compro- 
mised by the loss of cholinergic neurons in Alzheimer's 
dementia, and why tonic restoration of cholinergic modula- 
tion to neocortex can recover some memory function (Win- 
kler eta l . ,  1995). 
Experimental Procedures 
Hippocampal slices (400 pm) were prepared from Long-Evans rats 
(25-35 days old) following standard methods (Alger etal., 1984). Slices 
were incubated in an interface chamber, at room temperature, for 
at least 1 hr before recordings. A single slice was transferred to a 
submerged chamber, at 30°C, and continuously perfused with exter- 
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nal solution, at a rate of 1-2 ml/min. The external solution contained 
124 mM NaCI, 26 mM NaH2CO3, 10 mM D-glucose, 5 mM KCI, 2 mM 
CaCI2, 2 mM MgSO4, and 1.2 mM NaH2PO, (pH 7.4, bubbled with 
95% 02, 5% CO2). The extracellular recording electrode consisted of 
a pipette filled with 2 M NaCI (0.5-1 M~), positioned in stratum radia- 
tum (50-100 #m from stratum pyramidale), and was used to record 
evoked EPSPs and 0 oscillations. Evoked responses were amplified 
using an Axoclamp 2A (Axon Instruments), digitized (10 KHz), and 
analyzed on-line with programs written in Axobasic (by P. H.). Two 
independent pathways were stimulated, each every 10 s, with Pt- 
Ir stimulating electrodes placed at opposite sides of the recording 
electrode. A pair-pulse facilitation paradigm (50 ms interval) was used 
to assess the independence of the two pathways. At the start of every 
experiment an input-output curve was done for each pathway to deter- 
mine the maximal stimulation strength, defined as the intensity of stim- 
ulation just sufficient o consistently produce a postsynaptic population 
spike. Stimuli (50 ~s, 0.1-0.7 mA) were then set to half-maximah except 
in the "cooperativity" test for LTP in which stimuli were set at a lower 
level. Standard LTP was elicited by the so-called theta-burst stimula- 
tion: 10 bursts of 4 shocks at 100 Hz with interburst interval of 200 
ms (Larson et al., 1986). 
CCh (50 ~tM, Research Biochemicals) was bath-applied for 5-7 min. 
The 0 oscillation of the local field potential was sampled at 1 KHz. 
Experiments were continued only when robust 8 was observed, i.e., 
an oscillation of an amplitude >50 ~tV (measured on a chart recorder) 
that persisted for periods of -10 s, even if quiet episodes were ob- 
served between oscillatory bouts. Stimulation was silenced during ~), 
except that a single burst was given to the test pathway at a 0 peak or 
0 trough. The peak and trough were determined by an on-line software 
routine that first found the maximum and minimum of the oscillation, 
and then stimulated at 95% of the peak or trough. Regular test stimuli 
were resumed once 0 had ceased (5-10 min after CCh offset). 
Summary graphs represent normalized means _+ SEM of each 
EPSP, for all experiments, aligned to the time of CCh onset. Statistical 
significance was assessed by Student t tests on raw data, comparing 
the mean EPSP slope values for the 5 min just before CCh to values 
55-60 min after application, on the test versus control pathways across 
experiments. 
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